Differences in the frequency characteristic applied to a ripple current may shorten fuel cell life span and worsen the fuel efficiency. Therefore, this paper presents an experimental analysis of the ripple current applied variable frequency characteristic in a polymer electrolyte membrane fuel cell (PEMFC). This paper provides the first attempt to examine the impact of ripple current through immediate measurements on a single cell test. After cycling for hours at three frequencies, each polarization and impedance curve is obtained and compared with those of a fuel cell. Through experimental results, it can be absolutely concluded that low frequency ripple current leads to long-term degradation of a fuel cell. Three different PEMFC failures such as membrane dehydration, flooding and carbon monoxide (CO) poisoning that lead to an increase in the impedance magnitude at low frequencies are simply introduced.
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I. INTRODUCTION
With a clean operating environment and high energy conversion efficiency, fuel cells are getting more and more attention. In particular the proton electrolyte membrane fuel cell (PEMFC) has been extensively developed in the past decade. It is considered to be a promising power source because it offers a highly efficient and environmentally friendly solution for energy conversion [1] , [2] . This technology is becoming more mature and original equipment manufactures are looking at introducing hydrogen and fuel cell capabilities into their advanced technology products and services.
Concerning the field of power electronics, a lot of work on distributed generation technologies using a PEMFC has been realized. In general, a PEMFC stack's output or power conditioning system (PCS) input is a low direct current (DC) voltage with a wide range variation. Therefore, a PCS is necessary between the fuel cell and the load, to convert the low DC voltage to an alternating current (AC) voltage (120/240V, 50∼60Hz). There are various PCS topologies available for conditioning a fuel cell DC current [3] - [5] . Fig. 1 shows a system structure that contains only a DC-AC inverter. Another system structure contains a low voltage, high current DC-DC converter and a DC-AC inverter as shown in Fig. 2 . One of the key difficulties for PCS configuration is the ripple current produced by the inverter. When considering a PCS without a DC/DC converter, the low frequency ripple current (100∼120Hz) flows to a fuel cell. On the other hand, a high frequency ripple current (>1kHz) flows to a fuel cell when using a PCS with a DC/DC converter. This DC/DC converter is important for achieving an efficient and ripple mitigating PCS. According to PCS specifications, the frequency characteristic of the ripple current is varied. It is expected that ripple current will not only affect the fuel cell capacity, but also the fuel consumption and life span of the fuel cell. The results indicate that a fuel cell needs a higher power handling capability and that it consumes 10% more fuel [6] . A 100Hz ripple current exhibits a hysteresis behavior. Injecting a ripple current at around this frequency to a fuel cell may result in a thermal problem among the stacks and impair the stack life expectancy [7] . Great attention has been shown to the question of low frequency ripple currents. Actually, a great deal of research has been devoted to settling the problems of low frequency ripple currents. Unfortunately, these studies have only been concerned with fuel cell efficiency. To date, it has been ignored that high frequency ripples may result in problems for fuel cells. Obviously, low frequency ripple currents can have an adverse impact on fuel cells in comparison with high frequency ripple currents. However, it should not be absolutely concluded that low frequency ripple currents are the only factor that causes serious problems such as the aging of a fuel cell. An experimental evaluation of the effects of high frequency and low frequency ripple currents should be shown and compared. Therefore, new research on ripple currents should be done and analyzed in terms of fuel cell life spans.
In this paper, an experimental analysis of the ripple current applied variable frequency characteristic in a PEMFC is presented. It provides a first attempt to examine the impact of ripple current through immediate measurement in a single cell test. For a detailed analysis on fuel cell life span, this paper presents two points of view: electrical and electrochemical. Namely, from an electrical point of view, this experimental study is done for considering the frequency characteristics of ripple currents. Under identical temperature and humidity conditions, a ripple current (average 20A, peak-to-peak 10∼30A) is applied to PEMFC single cells at three frequencies (100Hz, 1kHz, 10kHz) for a long period of time (24hr, 46hr, 69hr, and 100hr). From an electrochemical point of view, each impedance curve applied for 100hr is obtained and compared using electrochemical impedance spectroscopy (EIS). Three different PEMFC failures such as membrane dehydration, flooding and carbon monoxide (CO) poisoning that lead to an increase in the impedance magnitude at low frequencies are simply introduced [8] - [15] . Consequently, this paper describes an effort to determine the optimal frequency of ripple current for high performance in a fuel cell.
The remainder of this paper is organized as follows: Section II describes the general operation principle of a PEMFC. Section III describes the experimental setup used for obtaining PEMFC single cell performance. Section IV presents the experimental results and a discussion of the few polarization curves and impedance curves for a PEMFC single cell with different frequencies ripple currents. Three different PEMFC failures such as membrane dehydration, flooding and carbon monoxide (CO) poisoning that lead to an increase in the impedance magnitude at low frequencies are simply introduced in Section V. The final section offers a summary of the paper.
II. OPERATION PRINCIPLES FOR A PEMFC
A PEMFC is an electrochemical energy converter that transformer the "chemical" energy contained in many hydrogenous fuels into electrical and thermal energies [16] , [17] . They are composed of two electrodes (anode, cathode) in contact with a membrane separating gas compartments. As shown in Fig.  3 , a fuel cell is fed by reactive gases (humidified hydrogen and oxygen or air) through bipolar plates containing channels. The two oxidation-reduction couples involved in the fuel cell electrochemical energy production are H + /H 2 at the anode and O 2 /H 2 O at the cathode. As expressed in (1), the hydrogen is oxidized into protons and electrons at the anode.
At the cathode, oxygen is reduced to water in (2).
The global reaction in the fuel cell is therefore:
Understanding the behavior of a PEMFC under varying loads is vital for optimizing hybrid systems efficiency. Therefore, in this section, two analyses of the polarization and impedance curves that can be used to predict the behavior of a PEMFC are presented. These analyses are vital for an accurate and detailed analysis of the ripple current at low frequencies. The polarization curve used to examine the current-voltage characteristics over the whole range of current densities is the primary approach to studying fuel cell behavior. In order to understand the membrane-electrode interface mechanisms and the individual contribution of each process to the dynamic electrical performance and the efficiency of a PEMFC, an impedance curve measured by an EIS is used. 
A. Polarization curve analysis for a PEMFC
The open-circuit output voltage of a PEMFC is basically defined as in (4) [16] , which gives the cell voltage equation as:
However, under normal operating conditions, the actual output voltage of a PEMFC is determined by irreversible voltage losses, present within the PEMFC, as expressed in (5) [16] .
The polarization curve for a PEMFC is shown in Fig. 4 . Three types of voltage losses exist: activation voltage losses, ohmic voltage losses and concentration voltage losses. Plots of the voltage drops caused by each of the losses are shown in Fig. 5 . Each of these losses is considered and modeled separately. As expressed in (6), the activation voltage losses of a single PEMFC can be modeled by Tafel equations [16] .
These are caused by the slowness of the reactions taking place on the surface of the electrodes. A proportion of the voltage generated is lost driving the chemical reaction that transfers the electrons from one electrode to another. The ohmic voltage loss is due to the ohmic resistance of the PEMFC and can be given as (7) [16] . This voltage drop is the straightforward resistance to the flow of electrons through the materials of the electrodes and the various interconnections.
The concentration voltage loss exists due to the formation of concentration gradients of reactants at the surface of the electrodes [16] . The concentration voltage loss can be given as (8) [16] .
In a PEMFC, since positive hydrogen ions H+ reach the cathode through a polymer membrane, and electrons reach the cathode via an external circuit, two charged layers of opposite polarities are formed at the cathode [16] . This charged double layer can store an electrical charge and it behaves like a capacitor. Hence, the voltage across this charged double layer cannot respond to a change in the current immediately. This charged double layer plays an important role in determining the dynamic response of the PEMFC. The voltage across this charged double layer can be given as (9) [16] .
(10) The output voltage of the PEMFC under normal operating conditions, in terms of voltage across the charged double layer, can be given by (10) . An equivalent circuit model based on the I-V characteristics for a PEMFC is shown in Fig. 6 .
B. Impedance curve analysis for a PEMFC
The processes that occur inside a fuel cell can be analyzed using the circuit elements of resistors and capacitors to describe the behavior of the electrochemical reaction kinetics, the ohmic conduction processes, and even the mass transport using an impedance spectrum by EIS. Therefore, as shown in Fig. 7 , it is possible to build an equivalent circuit model based on the electrochemical characteristics of a PEMFC. This model is composed of Randles models in series [17] . Z w(a) and Z w(c) are the Warburg impedances associated with the gas diffusion in the anode and the cathode, respectively. R ct(a) A few circuit diagrams and Nyquist plots for a PEMFC model are shown in Fig. 8 [18] . The impedance of the resistor is a single point of value on the real impedance axis and is independent of the frequency. The impedance of a series combination of a resistor and a capacitor is a vertical line that increases with a decreasing frequency. The real component of the impedance is given by the value of the resistor. As the frequency decreases, the imaginary component of the impedance dominates the response of the circuit. The parallel combination of a resistor R ct and a capacitor C dl represents the impedance behavior of an electrochemical reaction interface. At extremely high frequencies, the capacitor acts as a short circuit. The current can be completely shunted through the capacitor and the effective impedance of the model is zero. In contrast, at extremely low frequencies, the capacitor acts as an open circuit. All of the current is forced to flow through the resistor and the effective impedance of the model is given by the impedance of the resistor. For intermediate frequencies, the situation is somewhere in-between, and the impedance response of the model will have both resistive and capacitive elements. The mass transport in fuel cells can be modeled by Warburg circuit elements.
Two additional hypotheses are made in order to simplify the cell model shown in Fig. 7 . The oxygen reduction reaction in the cathode is very slow in comparison with the hydrogen oxidation reaction [19] . The anode over-voltage is smaller than that of the cathode. Therefore, the anode over-voltage contribution to the cell voltage can be neglected in this model. Consequently, the simplified model shown in Fig. 9 is obtained.
III. EXPERIMENTAL SETUP
The experimental setup was constructed for an experimental analysis of the ripple current applied variable frequency characteristic in a PEMFC. A block diagram of the experimental setup is presented in Fig. 10 . All of the experiments were conducted using a subscale single cell (active area of 25 cm 2 ). The MEA used was a GORE TM PRIMEA R SERIES 57 MEAs (W. L. Gore & Associates, Inc.) which has 0.4 mg cm −2 Pt on both the anode and the cathode. The gas diffusion layers (GDLs) were SIGRACET R GDL 10 BB (thickness of 420 µm, SGL Carbon Japan Ltd.). The gases used were high purity / N 2 ) for the cathode feed and high purity N 2 (99.9999%) for both the anode and the cathode feeds. These gases were humidified in a bubbling humidifier before entering the fuel cell. The cell temperature was 70 • C and the humidification temperatures were 70 • C/70 • C (100/100% RH). In order to experiment on the ripple current, 20A of average current was applied to a PEMFC. Then, the gas flow rates (H 2 , O 2 ) corresponding to 20A were supplied, W H 2,An,in and W O 2,Ca,in . In general, these gas flows need to be controlled rapidly and efficiently to avoid hydrogen/oxygen starvations and to extend the cell's life. Moreover, the flows supplied to the anode and the cathode should exceed the hydrogen/oxygen flows necessary for reaction, W H 2,React and W O 2,React . The hydrogen flow W H 2,React and the oxygen flow W O 2,React that react to produce a certain cell current I are defined by (11) and (12), respectively [20] .
This leads to hydrogen/oxygen excess ratios, λ H 2 and λ O 2 , which are defined as the ratios of the hydrogen/oxygen supplied to the hydrogen/oxygen used in the anode and cathode by (13) and (14), respectively.
These ratios must be restricted to λ H 2 ≥ 1.0 and λ O 2 ≥ 1.2, because under these limits, the fuel cell suffers hydrogen/oxygen starvation effects and it is close to a high efficiency range. In this paper, the experiments were performed with H 2 and O 2 under the constant stoichiometry mode of λ H 2 = 1.5 and λ O 2 = 2.0. In case of H 2 , a mass flow rate within 30A, W H 2,An,in can be used to avoid hydrogen starvation. In case of O2, a mass flow rate within 40A, W O 2,Ca,in can be used. However, due to the slow diffusion of oxygen, a mass flow rate within 33.3A (40/1.2) should be used. Consequently, it is necessary to determine the maximum hydrogen/oxygen excess ratios to avoid hydrogen/oxygen starvations. The gas flow rates corresponding to a stoichiometry of 1.5/2 for H 2 /air are 209ppm (209mg/kg) and 668ppm (668mg/kg), respectively. Therefore, as shown in Fig. 11 , the ripple current (average 20A, peak-to-peak 10∼30A) is applied to the PEMFC single cells at three frequencies (100Hz, 1kHz, 10kHz) for a long time (24hr, 46hr, 69hr and 100hr). The cell performance was interpreted from the polarization curves using the electronic loads (Daegil Electronics, EL 500P). Each impedance curve applied for 100hr was obtained and compared using EIS. The impedance spectra were measured at the OCV using a potentiostat and galvanostat/log-in amplifier (Zahner, IM6). Frequencies ranging from 0.03Hz to 2kHz, with 51 measurement points per decade and a ±1mA amplitude, were used for all of the spectra presented. The inductive behavior from the wires was predominant above 2kHz, while instability of the system led to highly unreproducible results below 0.03Hz.
IV. RESULTS AND DISCUSSION

A. Performance of the voltage-current ripple
In order to avoid the degradation of fuel cells, the magnitude and frequency of ripple current/voltage should be considered more. The fuel cell output voltages when supplying the ripple current of different frequencies (100Hz, 1kHz, 10kHz) are shown in Fig. 12 . It is found that significant variations in frequency appear only at large current/voltage amplitudes. At a low frequency of 100Hz, where inverters produce more ripple (120Hz), these variation can be added more.
B. Performance of the polarization curve
Fuel cell performance can be characterized by its polarization curve. The performance results of a 25cm 2 single cells applied to the ripple current for a long time (24hr, 46hr and 69hr) at different frequencies are shown in Figs 13-14. As can be seen from Fig. 13 , there is little difference among the polarization curves at high frequency ripple currents (1kHz and 10kHz) regardless of the operating/cycling time of the PEMFC. However, as shown in Fig. 14, it is evident that the increased operating time of a single cell produces a worse polarization curve at a low frequency (100Hz). This observation illustrates that the performance decay if not only for an increase in the activation losses and the ohmic losses but also for a shortening of the fuel cell life. As shown in Fig. 14, it can be concluded that the low frequency ripple current applied to a PEMFC for a long time can shorten the fuel cell's life.
C. Performance of the EIS curve
EIS is a dynamic characterization technique in which a small AC perturbation signal (voltage in potentiostatic mode, current in galvanostatic mode) is applied to a system. In this part, it was observed that the concentration of voltage losses were minor in the studied frequency (2kHz∼0.03Hz) and current (10∼30A) ranges and therefore neglected. As a result, the simplified model equivalent circuit for impedance spectroscopy is shown in Fig. 15 . The Nyquist plots of the experimental fuel cell impedance measurements applied with variable frequency ripple currents for 100 hours and their respective fitted curves are shown in Fig. 16 . Of the total ohmic losses represented by R Ω , it is known that the membrane resistance dominates among all of the internal losses. In a Nyquist plot, the high frequency intercept with the real axis represents the total ohmic resistance R Ω . R Ω slightly oscillates and increases with decreasing frequencies from 10kHz to 100Hz. The average value of the ohmic resistance was estimated to be about 0.00765Ω. Very little variation was observed in the ohmic resistance of cells with a decreased frequency in the ripple current. In general, for H 2 -O 2 fuel cells, the electrochemical reaction rate at the cathode is slow compared to that of the anode. Due to the faster rate of the anode activation reaction, the double layer capacitance C dl(a) and charge transfer resistance R ct(a) at the anode are captured at higher frequencies, from 2kHz to 60Hz, of the EIS impedance data. The C dl(c) and R ct(c) at the cathode are captured at comparatively lower frequencies from 60Hz to 0.03Hz. Then, the activation losses at the cathode dominate over those of the anode [21] . As the cathode impedance arc merges, the effective fuel cell charge transfer resistance is assumed to be R ct ≈ R ct(c) . As can be seen from Fig. 16 , the effective charge transfer resistance increased from 0.34214Ω to 0.83224Ω as the frequency decreased. The charge transfer resistance is very large compared to the ohmic resistance. Consequently, the Nyquist plot indicates that the change in the size of the impedance semicircle diameter was the same as the change in the slope of the polarization curve. The identified parameters of the impedance curves applied to the variable frequency current ripple are presented in Table I . Many studies have been done to address aforementioned problems in fuel cells [8] - [15] . Research shows a decrease in the cell voltage performance of a fuel cell with an increase in the effects of fuel cell flooding, membrane drying and anode CO poisoning. The decrease in the cell voltage associated with these effects was more apparent at low frequencies, due to the closer match to the characteristic frequency [12] - [15] . From this perspective, it can be concluded that the low frequency ripple currents that affects a fuel cell's degradation are intimately linked with the PEMFC failures. In the following part, these PEMFC failures are introduced [8] - [15] .
A. Flooding and drying
The membrane of a PEMFC has to be wet for normal operation. As shown in Fig. 17 , the water inside the membrane transports the protons (H + ) from the anode to the cathode by osmosis through the membrane. Enough water in the membrane can be achieved by humidifying the incoming hydrogen (H 2 ) and oxygen (O 2 ). However, improper operating temperatures, air flow rates and humidity can lead to too much or too little water being injected into the fuel cell, which, in turn, causes flooding and drying. Prolonged operation during these two states decreases the output power of the fuel cell. For flooding to occur, excess water has to be injected into the cell, causing it to operate at a high current density. Liquid water accumulation inside the cathode GDL of the cell is a slow process. During this process, the voltage drops slowly as if the current was limited by the diffusion of the reactants. Eventually, water droplets are formed inside the gas channels which prevents oxygen from reaching the catalytic sites, thus rapidly reducing the cell voltage to zero. For drying to occur, too little water is injected into the cell, causing it to operate at a low current density. As the membrane of the cell dries out, the voltage gradually drops. Eventually, the cell dries out, and the voltage drops suddenly to zero in a similar manner to a concentration drop [8] , [9] .
B. Carbon monoxide (CO) poisoning
Hydrogen can be generated by reforming a variety of hydrocarbons or alcohols to produce a reformate anode gas mixture. One of the major drawbacks in the use of reformate mixtures is that they contain certain amounts of CO. The performance of platinum, which is one of the most effective catalysts for the hydrogen oxidation in PEMFCs, is considerably influenced by such a concentration of CO compared with the use of pure hydrogen. Severe loss of performance usually occurs due the poisoning of the anode platinum catalyst. It is well known that CO blocks or limits the active sites of the platinum catalyst due to adsorption, which leads to an inhibition of the hydrogen oxidation reaction. The adsorbed CO blocks active platinum sites at the anode, leading to the inhibition of reactions and to performance losses. These losses can decrease performance significantly with increasing adsorption of CO [10] , [11] . The CO reaction is expressed in (15) .
VI. CONCLUSIONS
In fuel cells, one of the key factors for a stable PCS configuration is to reduce the low frequency ripple current. As a result, a great deal of research has been devoted to solving the problems associated with low frequency ripple current. Therefore, many efficient DC-DC converters have been proposed at the interface between a low-voltage fuel cell source and a high-voltage for inverter operation. However, it should not be absolutely concluded that low frequency ripple current is the only factor that causes a serious problem. Therefore, an experimental evaluation of the effects of high and low frequency ripple currents should be conducted and new research on ripple current should be done and analyzed. In this paper, an experimental analysis of the ripple current applied variable frequency characteristic in a PEMFC has been carried out. This paper provides a first attempt to examine the impact of ripple current through the immediate measurement in a single cell test. After cycling for hours at three frequencies, it can be concluded that a low frequency current ripple leads to long-term degradation of a fuel cell according to the polarization and impedance curves. Therefore, the behavior of a fuel cell is naturally good and not disturbed if its ripple current is modulated at a high frequency.
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